Abstract-Power system planning is the process of forecasting load demand and ensuring sufficient generation and reserve capacities over some planning horizon. This process includes investigation of steady-state and dynamic operations of the power system of interest. This paper addresses the transient stability (also known as large-signal stability) analysis of power systems for offshore wind power plant integration planning studies. In particular, this study develops a comprehensive practical methodology to assess the transient stability of power systems, including rotor angle stability, voltage stability, and frequency response for large scale power systems. This methodology considers variability of the offshore wind power plants as well as the type of any faulted system's components present. Additionally, this methodology is applicable to the study of both short-term and long-term faults, though only short-term faults are considered here (long-term faults are treated sequentially in a companion paper). This paper considers the integration of offshore wind power plants into existing power systems and demonstrates the utility of this methodology through the examination of the specific case of integrating 1000 MW of offshore wind power into the FirstEnergy/PJM service territory using a realistic model of 63k-bus test system that represents the U.S. Eastern Interconnection.
I. INTRODUCTION
O FFSHORE wind is a relatively new source of the electrical energy generation. Despite its recent introduction and its relatively expensive initial investment, it is rapidly becoming a significant part of the overall generation portfolio. Over the last decade for instance, the magnitude of offshore wind power generation capacity has increased to 14 GW [1] . However, due to the intermittent nature of wind generation and, more crucially here, the structural problems associated with its integration, i.e., lack of inertia [2] , wind energy has a far greater impact on power system stability than the size of its contribution to the generation mix would suggest.
Power system stability refers to the ability of a power system to continue its operation following a disturbance event by regaining a suitable equilibrium point. In particular, the transient stability analysis in power systems refers to the investigation of the ability of a system to withstand large disturbances such as short-circuit faults on the system's components or their outage events [3] . The assessment of the power system transient stability is a nonlinear problem of a dynamical system with the rotor angle as the dynamical variable and its stable operating points as its attractor [4] . The reason for the prominent focus on rotor angle is that stability of this variable ensures the synchronized operation of interconnected power systems [5] .
Rotor angle of a synchronous machine is an electrical angle that is defined by the relative angle between rotor and stator magnetic fields. In an interconnected power system, power transfers across transmission lines are resulted from the angle difference between the both ends of the lines. Therefore, synchronous generators must operate at a mechanical rotational speed so that produce the same electrical speed. This maintains the power flow steady across the system and is known as synchronism in power systems [3] , [6] . An external disturbance such as short-circuit fault or loss of units will perturb the synchronous machines' rotational dynamics. Typically, this manifests as oscillatory excursions of the rotor angle from its nominal value. The oscillations excited by the fault should be damped such that the ringing decays to zero within the first few cycles to few seconds. Otherwise, the transient behavior of the system may dominate the system response for sufficiently long that the system trajectory diverges from the stability region and potentially lead to system wide failures [7] .
During transient operation of a power system, the rotor angle dynamics can produce undesired oscillations of the system's voltages and frequency. Voltage stability and frequency response are dynamic problems that concern how system's bus voltages and frequency evolve in response to an external disturbance. These phenomena are intertwined and associated with the load characteristics, voltage regulators, and controllers present. Voltage oscillations can cause undesired actuation of voltage regulators, trip of components, and eventually lead to voltage collapse [8] . Comparatively, frequency oscillations may result in undesired actuation of governors, unnecessary disconnection of generators, and eventually a blackout [8] .
The objective of this study is to develop a practical methodology for transient stability analysis of the power system for planning studies of offshore wind power plant integration projects. This includes the investigation of rotor angle stability, voltage stability, and frequency response.
The effects of wind power on transient rotor angle stability and voltage stability of power systems is an active area of investigation. The relationship between rotor angle stability and reactive power support by wind machines has been investigated in [2] . This paper suggests that the higher capability of the wind machine to provide reactive support allows the synchronous generators in the area to damp the rotor angle swings following a severe fault. Further, Ullah et al. [9] have shown that the rating of the power electronic converters used in the wind power plant directly affects the transient stability of the system. In [10] , the relation between location of fault in the area and transient stability of the power system has been discussed. This paper suggests that the fault in the areas with lower inertia face stability challenge following outage of synchronous generation units. In [11] , the transient stability for integration of wind power plants for a small area in Spain, Villanueva and Magallon. This paper recommends that a large number of wind turbines to a small area is possible only if the machines are variable speed and controllable. In [12] , the transient stability related technical feasibility of interconnecting an offshore wind power plant has been studied. In [13] , it has been found that the interconnecting wind power plants to a points of interconnection (POIs) at a higher voltage level benefits the rotor angle stability of the system more extensively. This study used IEEE 14-bus test system. In [14] , it has been demonstrated that the higher penetration level of wind generation results in a lower critical clearing time (CCT). This means the higher levels of penetration of doubly fed induction generator (DFIG) adversely affect the transient stability of the system. Another study [15] discusses the stability issues in integration of offshore wind power plants into power systems and showed that STATCOM can be used to improve the stability margin. Ndreko et al. [16] have studied the dynamic interaction between the power system and a multiterminal HVdc-based offshore wind power plant. They have found out that the voltage drop following a fault is a function of its distance from the location of the fault. The voltage stability at the POI following faults on the collector system of offshore wind power plants has been studied in [7] . It has been suggested that the operation of static VAR compensators (SVCs) at the POI improves the voltage transient stability solely for long-term faults.
In electric power industry, the frequency stability of a power system following a severe fault is known as frequency response. General Electric (GE) conducted extensive frequency response studies in Western Interconnection [17] and Eastern Interconnection [18] . Their findings outline that wind power generation can improve the transient frequency response of the system. U.S. Department of Energy's Lawrence Berkeley Lab also conducted a similar study with similar findings to the study by GE [19] . In [10] , frequency stability of the New England power system with 40% penetration of wind energy has been examined. This study shows that the system's frequency response is a function of location of fault. This study also outlines that the frequency response following faults in the areas with lower inertia is more adversely affected by wind power than following faults in the areas with high inertia. In [12] , the transient frequency stability of Taiwan first offshore wind power plant has been studied. In [20] , it has been argued that the transient frequency stability is weakened because of high penetration of DFIG wind machines.
The contribution of this paper is the scalability and practicality of this methodology in, effectively, identifying dynamical issues associated with the integration of offshore wind power plants in large-scale power systems. Additionally, this methodology determines the relation among the following: 1) transient rotor angle stability, transient voltage stability, and transient frequency stability; 2) type and size of the faulted system's component; 3) integration, operation, and variability of the offshore wind power plant following all types of faults. The advantage of this methodology is its ease in implementation with existing practical power systems models which will inherently include the effects of continuous and discontinuous system's elements. Analytical methods, such as the use of energy functions, present limited applicability for large and complex power systems due to their setbacks including system modeling, the functions definition, and their conditions as well as the reliability and accuracy of the methods [21] .
To accomplish this paper, both types of short-term and longterm faults are investigated under multiple prefault operational level of the power generation by the offshore wind power plant. The examined system's components consist of large capacity generator, medium capacity generators, transmission lines, and offshore collector system. This paper considers integration of a 1000-MW offshore wind power plant, operating in Lake Erie, into the FirstEnergy/PJM service territory and uses a simulation model of the U.S. Eastern Interconnection as the test system. Potential geographical locations of offshore plants and relevant POIs are identified based on estimation of wind availability by the U.S. Department of Energy's National Renewable Energy Lab (NREL) and, accordingly, integration scenarios are developed. A 63k-bus model of this system was constructed in the GE PSLF software package and is based on the previous work performed by the 2013 GE Energy Consulting and NREL for Eastern Frequency Response Study [18] . The previous databases are modified slightly from the Eastern Frequency Response Study [18] model here, however, to capture the effects of significant changes and the current online and available generation in the FirstEnergy system. The wind turbines are modeled as GE 3.6 MW commercial wind machines [22] . This paper is organized in two parts: Part 1 addresses the short-term faults' stability related issues. Part 2 [23] discusses the long-term faults and associated stability issues. Short-term faults refer to short-circuit faults on transmission lines or generators with a successful clearance where the system's postfault topology remains unchanged (assuming that the fault is cleared within the CCT).
II. METHODOLOGY
In power systems stability studies, the rotor angle of synchronous machines is the central concern. Rotor angle dynamics following a fault is determined by synchronous machines' transient kinetic energy and the power network's capability to dissipate this transient energy [4] . The elements involved in this transient kinetic energy are [24] as follows: 1) angular momentum of the rotor (which is associated with the machine's inertia and its rating capacity [3] ); and 2) speed deviation of generator (which implicitly reflects the accelerating power of the fault as well as machine's inertia); the higher levels of system's loading lead to a higher accelerating fault power as the mechanical power behind the turbine is higher and, hence, the speed deviation inherently is higher for a given inertia. The power network's capability to dissipate the transient energy is determined by the transmission network's transfer conductance and susceptance. This capability changes only if the transmission network's properties change. Bearing these in mind, the dynamics of the rotor angle following a fault can be described as a function of [25] :
1) accelerating power of the fault; 2) rating capacity of the units; 3) system's inertia. The methodology considered here, for transient stability analysis of power systems, explicitly considers these aspects and is practical for planning studies of offshore wind power plant integration projects. The following section describes this methodology as it pertains to the analysis of short-term faults. Those aspects of the methodology relevant to the analysis of long-term faults are addressed in the companion paper [23] .
The methodology studied in this paper consists of the following sequential steps.
1) In large-scale power systems with a tremendous number of system's component, including lines, generators, and etc., it can be computationally burdening, inefficient, and overly time consuming, nearly impossible, to undertake a stability analysis for every single system's component. Therefore, the first step is to identify the critical system's components whose consideration is crucial for a trustworthy transient stability analysis. Earlier in this section, it was mentioned that the transient stability of a power system is a function of the accelerating power during the fault. Thus, in planning studies for offshore wind power plant integration, the main criterion for identifying the critical system's components to conduct transient stability analysis should be on basis of the level of power that they generate or transmit. This ensures that the accelerating power during the fault is maximal. The second criterion should be on basis of generators' capacity and, implicitly, inertia. The combination of these facets allows capture of the relevant system dynamics. Thus, the specific considerations here include the following: level of active power transfer. In addition, to have a complete understanding of system's behavior following integration of the offshore wind power plant, the offshore collector system must also be considered.
2) The next step is to construct a base case by considering the power system in the absence of offshore elements. This is accomplished by applying the short-term faults as sequential events to each of the selected system's components within the context of the base power system (sans offshore components). The longest clearing time such that the system remains stable and none of the generators lose the synchronism is called the CCT [3] . In other words, the CCT is an indication operating state at the stability boundary in time domain. Fig. 1 visualizes this concept. Accordingly, the CCT is used to assess the rotor angle stability of the system. Thus, for each of the faulted system' components considered, the CCT must be computed to assess the transient rotor angle stability performance and identify the stability of margin of the system. In addition, the system's transient voltage stability and frequency response must be evaluated. system experiencing loss of the generation. These metrics are based on relating the amount of lost generation to the resulting frequency change in the system. The frequency response of a multimachine power system following a disturbance is characterized by
where ΔP dist is disturbance power, H i and S n i correspond to inertia constant and nominal rated power of the ith generator in the system, respectively, and f s is the synchronous frequency of the system. The frequency response metrics commonly used in industry [18] , [19] , and [26] are meant to assess capability of the system following an outage and are not applicable to the analysis of shortterm faults. Thus, in this study, a metric, swing-based frequency response (SBFR) index is defined by
This index is to evaluate the system's frequency response for all cases.
3) The third step is to consider the system including the integrated offshore wind power plant. The analysis performed in the prior step is repeated within the context of the complete system. To examine the variability of the wind power plant, the system is examined at various levels of wind power plant power generation with suitable increments of generation selected over the wind power plant's operation range. The increments should be chosen based on the planner's experience and preference. For each of the cases studied herein, the CCT must be computed to assess the transient rotor angle stability performance, the TOV, TLV, and SV to assess transient voltage stability and the SBFR to assess system frequency response. 4) Finally, the results from the base case to those from the full system with different levels of wind power generation are compared. This comparison reveals how the type and size of the faulted system's components and the level of wind power generation influence transient stability of the power system following a short-term fault. Understanding the influence of wind power generation at different generation levels provides crucial insight into effects of the wind power plant integration and operation and the wind power variability on the overall system performance.
III. CASE STUDY
This study considers integration of 1000 MW of offshore wind power in Lake Erie into the FirstEnergy/PJM transmission system as a case study to verify the utility of the introduced methodology. This section describes the details of this case study and the computational implementation of this methodology.
A. FirstEnergy/PJM Power System
In this study, an accurate computer model of the PJM system is used. The PJM is a regional transmission operator in the Midwestern United States. It is part of the Eastern Interconnection and operates an electric transmission system. The FirstEnergy is a regional utility company, based in Akron, Ohio, within a geographical subregion of the PJM and serves six million customers in Ohio, Pennsylvania, West Virginia, Virginia, Maryland, New Jersey, and New York.
B. Wind Power Integration Scenario Development
The estimated geographic distribution of available wind power over the surface of Lake Erie was provided by the NREL, and, based on these estimates, the candidate POI was identified in the FirstEnergy transmission system. Accordingly, a scenario for the integration of a total of 1000 MW of offshore wind generation at a single POI located in North Perry, Ohio (situated within the FirstEnergy/PJM system on a site on Lake Erie, 40 miles (65 km) Northeast of Cleveland, Ohio), subject to compatibility with the extant grid infrastructure, was developed. Fig. 2 shows the geographical location of the offshore wind power plant and this POI.
C. Offshore Wind Power Plant Model Development and Computer Modeling
For computational purposes, the 1000 MW offshore wind power plant is treated as two groups of generators, each of 500 MW, that are aggregated through a 34.5-kV collector system. Consequently, each of these groups is modeled as a single 500 MW generator and the outputs of the generator pair are aggregated in an offshore collector system connected to a P -V bus through six ac export cables. The wind turbine model parameters used in this study are based on a Type 3 GE 3.6-MW offshore wind turbine [22] .
The specific dynamic models of the offshore wind generation system used to construct the simulation discussed here are those defined in the GE's PSLF model library [27] and the Appendix of this paper. The following principal model elements are used.
1) wndtge: The wind turbine and turbine control model for GE's DFIG wind turbines.
2) gewtg:
The generator/converter model for GE's DFIG wind turbines. 3) exwtge: The excitation (converter) control model for GE's DFIG wind turbine generators. The controller in this model was set to regulate the voltage at the POI by wind plant reactive power controller.
The substation transformer is rated on the basis of the wind turbine generators and has a typical impedance of approximately 8% [28] .
The SVCs with significant compensation capacity were inserted at the POI in the computational model. The levels of reactive power generated/consumed by the SVCs were monitored during simulation to determine the capacity of the compensation devices required for providing ancillary services to the grid. The dynamic models used to represent these devices are simple static VAR devices, VWSCC in the GE's PSLF model library [27] , available in the Appendix of this paper. The analysis considered a maximum/minimum SVC rating of ±500 MVar.
D. Generation Dispatch Scenarios and Load Assumptions
The main objective of this investigation is to study the impact of the integration of 1000 MW of offshore wind power generation into the FirstEnergy/PJM transmission system. To this end, the winter 2013 load data from the Eastern Interconnection were modeled in the PSLF. This model contains 63 608 system buses and 8356 generators, with a total of 894 772 MW and 411288 MVar of installed generation capacity to serve a load of 302086 MW and 75596 MVar.
The second objective is to examine the impact of the retirement of the Perry Nuclear Power Plant, the largest single power plant in this power area (capacity of 1280 MW and 625 MVar), on the integration of the offshore wind power plant. To study the effect of Perry's operational status (i.e., operating or retired), multiple scenarios, that either included or excluded Perry, were developed. In each case considered, other generation units in this power area were redispatched to maintain the balance between generation and consumption in a manner consistent with the operational state of Perry for each of the interconnection scenarios developed for this study.
E. Computer Implementation
The computer simulation was carried out using the GE's PSLF Version 18.1 01 80K, DYTOOLS simulation tool. The reactive capability of the wind machines was assumed to have full capability (−43.0%/+57.8% MVar). Accordingly, the following four cases were developed. Detailed models of the FirstEnergy/PJM transmission system were used to analyze the aforementioned cases for each of the interconnection scenarios. After loading the steady-state models, generation dispatch, and load data, the wind models were initiated. Then, the dynamic models of the system were loaded, including detailed representations of generators and their control systems, stabilizers, governors, dynamic loads, and other dynamic components of the grid.
By relying on the proposed methodology in previous section, the following critical components were identified for the transient stability analysis in response to a short-term fault.
Short term: Three-phase short-circuit faults were applied to the following system's components and successfully cleared after 4. with the offshore wind power plant present). The offshore wind power plant is studied under multiple predisturbance operational points. The total duration of the simulation is 15 s, including 5 s prefault (to all startup transients to settle down) and 10 s postfault to capture the transient dynamics resulting from the fault (occurred at t = 5 s). Following these faults, the dynamic behavior of the generation units and transmission flows, including rotor angles, speeds, power generation, and voltage profiles, in the FirstEnergy/PJM power area were recorded. During a three phase to ground short circuit, it is assumed that the system is symmetrical and the short circuit occurs simultaneously and identically on all three phases. Table I describes the range of the CCTs observed for the cases and the faults considered in this study. The minimum and maximum values of the CCT here are obtained by examining the variability of the wind power. The comparative outlook of these results characterizes the impacts of operation of the offshore wind power plant on transient stability of this system. These results reveal that, in all of the cases studied herein, the CCT is improved or remained unchanged. This means that the rotor angle stability of the system has not been compromised, following integration of the offshore wind power plant. Interestingly, in of the two cases, fault on the collector system and fault on the Hoytdale-Bruce Mansfield line, the system remains stable for a longer period than 900 cycles following fault clearance.
IV. RESULTS AND DISCUSSION
The results presented in Table I also describes that the operation of the offshore wind power plant does not, significantly, improve the CCT for faults on the large generators; the CCT in such cases that represent faults on Davis-Besse and Perry remains unchanged or improves very modestly. However, the operation of the offshore wind power plant significantly improves the CCT for faults on the medium capacity generators; Sammis and Avon experience noticeable higher CCTs in those cases with the offshore wind power plant integrated. In addition, the wind power plant improves the CCT for the transmission line faults, with the improvement depending on their distance from large capacity generators. For example, the CCT for faults on Hoytdale to Bruce Mansfield line is significantly improved, from 32 cycles to more than 900 cycles for cases 1 and 2. On the other hand, the CCT for faults on the Davis-Besse to Lemoyne line does not change in the cases with an operating wind power plant.
To investigate the results further, two components are downselected here on basis of their CCT improvement following the integration of the offshore power plant; David-Besse and Avon Unit 9 generators. Integration of the offshore wind power plant improves the CCT for the faults on Avon generator while it does not change the CCT for the faults on the Davis-Besse generator. Figs. 3-8 show transient rotor angle, active power, reactive power, area frequency, and voltage dynamics, respectively, the following faults on Davis-Besse and Avon generators for all of the cases examined here.
From the results presented in Figs. 3-6 , it can be seen that following faults on Avon generator in cases 1 and 2, representing the system' operation with Perry online and the offshore wind power plant integrated, the transient operation of system is improved. It should be noted that for these two cases, the CCT is also improved. The improved transient stability operation is reflected by the decreased magnitude and improved damping ratio of oscillations in all considered system's parameters. In other cases, in which the CCT is not changed, including faults on Avon generator in cases 3 and 4 and all of the cases considered herein for faults on Davis-Besse, the magnitude and damping ratio also remain unchanged. The improvement of the CCT is because the operation of the offshore wind power plant aids the synchronous generators in active power generation and, as a result, the amount of power that a fault block can be moderated. These changes in the power flow are unavoidable since the existing nonwind generators in this power area must be redispatched to maintain the balance between generation and load in this power area. Thus, the operation of offshore wind power plant can improve transient stability of the system.
The results presented in Figs. 3-6 also show that the dynamics of active power, rotor angle, reactive power, and voltage following are highly correlated. Following the integration of offshore wind power plant, the CCT for faults on the Avon generator improves in cases 1 and 2, so do the rotor angle stability, active power recovery, and reactive power and, subsequently, voltage dynamics. The TOV from 1.025 p.u. in cases 3 and 4 and the base case is decreased to less than 1.010 p.u. in cases 1 and 2. In the case of a fault on the Davis-Besse generator, the CCT remained unchanged after wind power plant integration, and, hence, the rotor angle and active power dynamics remain unchanged. Subsequently, reactive power and voltage dynamics also remain unchanged with the TOV at 1.025 p.u. The SV in all of the cases considered here is its respective prefault voltage, with no steady-state voltage deviation. Based on the results presented, it can be concluded that integration of an offshore wind power plant into the FirstEnergy/PJM system can improve the transient voltage stability and transient rotor angle stability of the system following short-term faults.
In this particular case study, the FirstEnergy/PJM power system, the CCT is a function of the operational status of Perry and is independent of the operation of the SVC at the POI. This is the reason that the results from cases 1 and 2 are identical in all of the cases considered here, and so are from cases 3 and 4.
Typically, enhanced reactive power support by using the SVC or higher capability of the wind machines, reduces the extortion of reactive power from synchronous generators during transient operation [2] , [15] . The reduced reactive power demand from synchronous machines, subsequently, reduces the chances of burdening the machines and allows them to maintain their reactive power output within their limits which results in an improved rotor angle stability in the area to damp the rotor angle swings following a fault [2] . On the contrary, the operation of the SVC at the POI considered here (which is an enhancement of the reactive power support) does not improve the transient stability of the system. This is because the FirstEnergy/PJM system is tremendously rich in terms of available reactive power support, by having a great number of large synchronous condensers and the SVCs that are installed and operating all across the system. Fig. 7 shows the reactive power output of the Davis-Besse generator following a fault on it for all levels of wind power examined here. It should be noted that, in the plots shown in this figure, the reactive power profiles for different cases have overlapped. These plots outline that the reactive power output profiles for cases without and with the SVC for all levels of wind are identical. This suggests that the operation of the SVC at the POI does not aid the generators in terms of reactive power supply during the transient operation of this system. As a result, the enhanced reactive power support does not influence the transient stability of this system.
To better understand how operation of Perry is affecting the system's stability, detailed information regarding its controllers and stabilizer is required. This paper does not have access to any information in that regard and, hence, investigation of this particular effect is beyond scope of this paper.
The results from Fig. 8 shows that the area frequency remains within standard range following both faults and the nadir frequency remains above 59.96 Hz. However, the frequency response of a power system is defined by the area frequency behavior with respect to the level of blocked power. Figs. 9-11 show the frequency response metric, SBFR, for the cases examined over the complete operational range of the offshore wind power plant. Note that this metric is a function of both blocked active electrical power and area frequency swing during a fault.
From Fig. 9 , it can be seen that the frequency response for faults on the Avon generator after integration of an offshore wind power plant is a function of the operational status of Perry. In cases 1 and 2 (Perry online), the frequency response is degraded by offshore wind power plant integration while in cases 3 and 4 (Perry offline), it is improved. By comparing the results from cases 1 and 2 with those from cases 3 and 4, it can be seen that the contribution of the SVC to frequency response is insignificant. The frequency response for fault on the Davis-Besse generator is improved in all of the cases studied herein, for all levels of wind power, following the integration of an offshore wind power plant. In cases 1 and 2, in which Perry is online, the frequency response experiences a greater improvement than in cases 3 and 4, in which Perry is offline. By comparing results from case 1 and case 2 with those from cases 3 and 4, it can be seen that the contribution of the SVC to frequency response is insignificant, similar to the finding for faults on the Avon generator.
The results presented in Fig. 10 remark that, with the integration of offshore wind, the frequency response improvement for faults on Sammis's generator is subject to operation of Perry; in cases 3 and 4, with Perry offline, the frequency response is improved. Whereas in cases 1 and 2, with Perry online, it is degraded. The frequency response for faults on the Perry's generator is improved with the wind power plant integrated.
From these results, it can be seen that, with the offshore wind power plant integrated, for faults on the medium capacity generators, while Perry is online, the frequency response of the system is degraded. In other cases with Perry offline, the frequency response is improved. Additionally, for faults on the large capacity generators the frequency response of the system is consistently improved regardless of the Perry's operational status.
A point to note is that the SBFR values exhibit a dependency on the level of the wind power. In fact, the SBFR values, in the cases with Perry online, exhibit a declining manner with respect to increment of the wind power, reflecting higher frequency swings. Furthermore, in other cases with Perry offline, the values of SBFR change insignificantly or slightly ascend. Hence, the operation of Perry can have an adverse impact on the system's frequency response with respect to the wind power variability. This observation is consistent with the findings from the small-signal stability analysis of this system [29] . A second point to note is that the adverse impact of the operation of Perry on the system's frequency response is more pronounced in cases that involve faults on the medium sized generators which have limited inertial response capabilities. Conversely, the operation of Perry did not degrade the system's frequency response following faults on the Davis-Besse plant which is a large unit with a significant capability to provide inertial response. As mentioned earlier, detailed information regarding the operation and control of Perry is not available as part of this paper and, hence, investigation of this particular effect is beyond scope of this research. Fig. 11 shows the SBFR for faults on the Hoytdale to Bruce Mansfield and Davis-Besse to Lemoyne lines. The Hoytdale to Bruce Mansfield line transmits power from the Bruce Mansfield power plant and the Davis-Besse to Lemoyne line from the Davis-Besse power plant. Thus, these lines are both connected to generation units at one end: Bruce Mansfield (medium units) and Davis-Besse (large units). From the results, it can be observed that the frequency response for faults on the Hoytdale to Bruce Mansfield line is consistent with the system's response following faults on the medium capacity generators. Therefore, in cases 3 and 4 (Perry offline), the frequency response is improved while in cases 1 and 2 (Perry online), it is degraded. Distinctively, the frequency response following faults on the Davis-Besse to Lemoyne line resembles the system's response following faults on the large capacity generators. Hence, the frequency response for faults on the line Davis-Besse to Lemoyne is improved in all of the cases examined here and for all level of wind power. Since the transmission lines do not contribute to the inertia of the system, the frequency response following the associated faults depends on their distance from major units that can aid inertia. Therefore, the closer the lines are to large capacity generators, the greater the extent to which the frequency response following their fault is improved by the integration of a wind power plant.
In comparison, the values of the SBFR for faults on the medium capacity generators and lines are significantly lower than those for faults on large-scale generators. For instance, the SBFR for Davis-Besse is within range 2600-3000 while, for Avon and Sammis, it is within range of 800-1250 and 800-1050, respectively. Thus, it could be concluded that the least CCT does not necessary identify the weakest frequency response.
V. CONCLUSION
This paper develops a practical and scalable methodology for transient stability analysis of power system for use in planning studies of offshore wind power plant integration projects. This research investigates the specific case study of integrating 1000 MW of offshore wind power into the FirstEnergy/PJM service territory using a realistic model of 63k-bus test system that represents the U.S. Eastern Interconnection.
This study is organized in two parts: Part 1 addresses the shortterm faults' stability related issues. Part 2 discusses the longterm faults and associated stability issues. Short-term faults refer to short circuit faults on transmission lines or generators with a successful clearance where the system's postfault topology remains unchanged (assuming that the fault is cleared within the CCT).
The results of this paper, Part 1 of this study, suggest that, with integration of an offshore wind power plant, the transient stability, mapped by the CCT, is not degraded. In fact, the transient stability, and consequently, the CCT can be improved significantly.
Moreover, the findings of this paper reveal that the CCT and dynamics of active power, rotor angle, reactive power, and voltage following faults are highly correlated. As the CCT improves, all other aforementioned variables improve. Thus, the CCT directly determines short-term transient rotor angle and voltage stability margins of the system. Further, this study shows that the additional reactive power support does not necessarily enhance the rotor angle transient stability of the system. This study also finds that with integration of an offshore wind power plant, the transient frequency stability depends on the size of the faulted system's component and its inertial contribution. The larger the capacity of the generators are, the more robust and stable the system is following their short-term fault. This is a direct consequence of the higher inertia of the larger generators. For faults on the medium and small capacity generators as well as the transmission lines, the system's frequency response relies on the inertial support of the large generators which provide major contribution to system inertia. Further, the distance between the faulted system's component and the large capacity generator directly affects the system's frequency response. The closer the location of fault to large generators is, the stronger the frequency response of the system is.
Additional work is required to completely comprehend how operation of generation units, which are located close to the POIs of the offshore wind power plants, and their controller schemes can affect the dynamics and control of both grid and the offshore wind power plant. 
ACKNOWLEDGMENT
The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes.
